This paper describes for the first time the electrochemical properties of redox-active selfassembled films of single-walled carbon nanotubes (SWCNTs) coordinated to cobalt(II)tetra-aminophthalocyanine (CoTAPc) by sequential self-assembly onto a 
Introduction
The transition metallophthalocyanine (MPc) complexes have shown themselves as versatile macrocyclic organometallic complexes with applications in several technologically relevant areas [1] , [2] and [3] , notably in the design and fabrication of electrochemical sensors where their use has escalated over the last two decades because of their excellent physico-chemical, electronic and electrocatalytic properties [4] , [5] and [6] . Like the MPc complexes, carbon nanotubes (CNTs), single-walled carbon nanotubes (SWCNTs) or multi-walled (MWCNTs), exhibit unique physico-chemical and electronic properties ideal for constructing efficient electrochemical sensors [7] , [8] , [9] , [10] and [11] . Thus, rational integration of these two remarkable π-electron species may openUP revolutionize their applications in a plethora of areas, especially in electrocatalysis and nanofabrication of molecular electronic and sensing devices. Without doubt, most of the potential applications of MPc and CNTs in electronic, photoconductive and heterogeneous electrocatalysis and sensing devices will require their use as thin films.
Self-assembly represents a more efficient technique for fabricating electrodes based on CNT [8] , [12] and [13] or MPc [14] , [15] , [16] , [17] , [18] , [19] and [20] thin films compared to such other thin film formation methodologies such as drop-dry and spin coating.
Self-assembly may simply be described as a spontaneous, coordinated chemical reaction of individual molecular building blocks (especially alkanethiols and thiol-derivatised organomolecules) to create stable, well-organized arrays of ultrathin superstructure films on coinage metals, notably gold [21] , [22] , [23] , [24] , [25] and [26] . The formation of self-assembled monolayers (SAMs) of organomolecules on gold surfaces has continued to attract considerable research interests due to their crucial importance in biology, chemistry and supramolecular nanotechnology. SAMs have been known to offer convenient model systems for probing the interfacial electron-transfer processes [24] , [25] , [26] and [27] , and have been extensively studied in corrosion protection [24] , [25] , [26] , [28] and [29] , fabrication of electrochemical-and bio-sensors [15] , [17] , [18] , [19] , [20] , [30] , [31] , [32] and [33] and molecular electronic devices [34] and [35] .
Few reports [36] , [37] , [38] , [39] and [40] have described the integration of CNT with MPc complexes, especially for sensor development [38] , [39] and [40] , however, until now no research group has addressed the fabrication of CNT-MPc SAMs nor their electron transport (redox) properties. In this work, we describe the first example of a selfassembled SWCNT tethered to cobalt(II)tetra-aminophthalocyanine (CoTAPc) complex (Scheme 1). There have been reports on the SAMs on CNT, especially with the SWCNT, integrated with molecules of biological [8] , [9] and [10] and chemical [11] and [41] interests, but not with any MPc complex. When the molecular building blocks for SAMs are redox-active, as in this work, electrochemical techniques (notably cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)) unlike other surface techniques provide more powerful insights into the surface coverage of the individual components, their adsorption strengths, chemical reactivities with redox probes and redox-active analytes, etc. [17] , [18] , [19] , [20] , [25] , [42] , [43] , [44] , [45] and [46] . Hence, in this work, we employed
CV and EIS to demonstrate that the redox-active CoTAPc can be electrically connected to the gold electrode surface via SWCNTs, which act as efficient conductive electrical nanowires. Also, this study is part of our attempts to provide simpler strategies for making MPc-based SAMs using easy-to-make MPc complexes (such as the MTAPc) rather than the thiol-derivatized MPc complexes. Sulphur-containing MPc complexes rank among the least reported in the literature as their synthesis is time-consuming, costly and difficult and yet less stable than MTAPc complexes.
Experimental

Materials and reagents
Aminoethanethiol (cysteamine) hydrochloride (AET) was obtained from Sigma.
Dicyclohexylcarbodiimide (DCC) used as condensing agent and single-walled carbon nanotubes were obtained from Aldrich. Cobalt tetra-aminophthalocyanine complex was synthesized and characterized according to established procedures [47] , [48] and [49] . Dopamine hydrochloride was obtained from Sigma. N,N-dimethylformamide (DMF) was obtained from Sigma-Aldrich, and was distilled and dried before use. Ultra pure water of resistivity 18.2 MΩ was obtained from a Milli-Q Water System (Millipore Corp., Bedford, MA, USA) and was used throughout for the preparation of solutions. Phosphate buffer solutions (PBS) at various pHs were prepared with appropriate amounts of K 2 HPO 4 and KH 2 PO 4 , and the pH adjusted with 0.01 M H 3 PO 4 or NaOH. All electrochemical experiments were performed with nitrogen-saturated PBS. All other reagents were of analytical grade and were used as received from the suppliers without further purification. 
Apparatus and procedure
All electrochemical experiments were carried out using an Autolab potentiostat PGSTAT 302 (Eco Chemie, Utrecht, The Netherlands) driven by the General Purpose Electrochemical Systems data processing software (GPES, software version 4.9). Square wave parameters were: step potential 5 mV; equilibration time 5 s, amplitude 25 mV at a frequency of 15 Hz. The working electrode was bare gold (r = 0.8 mm, BAS) or the same gold electrode modified with the investigated SAMs. A Ag|AgCl wire and platinum wire were used as pseudo-reference and counter electrodes, respectively. Electrochemical impedance spectroscopy measurements were performed with an Autolab FRA software between 1.0 Hz and 10 kHz using a 5 mV rms sinusoidal modulation in a solution of 1 mM of K 4 Fe(CN) 6 and 1 mM K 3 Fe(CN) 6 (1:1) mixture containing 0.1 M KCl, and at the E 1/2 of the [Fe(CN) 6 ] 3−/4− (0.13 V versus Ag|AgCl). A non-linear least squares (NNLS) method based on the EQUIVCRT programme [50] was used for automatic fitting of the obtained EIS data. All experiments were performed at 25 ± 1 °C. Solutions were deaerated by bubbling nitrogen prior to the experiments and the electrochemical cell was kept under a nitrogen atmosphere throughout the experiments.
Preparation of self-assembled SWCNT-CoTAPc film
Scheme 1 shows the self-assembly strategy employed in the preparation of the various SAMs onto gold surfaces (Au-AET, Au-AET-SWCNT and Au-AET-SWCNT-CoTAPc).
The purification and chemical shortening of the SWCNTs to uncapped nanotubes bearing acidic functions (SWCNT-COOH) were carried out following the established multi-step oxidative acidic digestion procedures [8] , [51] and [52] . The gold electrode used for the SAM was first cleaned using the usual procedure [12] and [51] . SAMs were obtained by the usual adsorption method from dilute solution of adsorbates [53] . In summary, the bare Au electrode was first polished in an aqueous slurry of alumina (<10 μm) on a SiC-emery paper (type 2400 grit), and then to a mirror finish on a Buehler felt pad. The electrode was then subjected to ultrasonic vibration in absolute ethanol to remove residual alumina particles that might be trapped at the surface. bonds [8] . To minimize possible experimental errors from the use of different gold electrodes, one electrode was used for all experiments reported in this work. The roughness factor of this gold electrode was first determined, after thorough cleaning as described above, by the conventional methodology [25] and [26] using the RandlesSevčik equation:
where n is the number of electrons involved (n = 1 in the [Fe(CN AFM studies, XPS experiments were performed with gold-coated glass slides as substrates for the SAMs.
Results and discussion
3.1. XPS and AFM characterisation of the self-assembled films Fig. 1 shows the comparative survey X-ray photoelectron spectra of the (i) bare; (ii) Au-AET; (iii) Au-AET-SWCNT; and (iv) Au-AET-SWCNT-CoTAPc. The S (2p) peak at 162.5 eV is assigned to the normal gold-sulphur bond [16] , [55] , [56] , [57] , [58] and [59] . The presence of the N atoms (in the BE region of 395-405 eV) in the SAMs are evident in Fig. 1(B) . The cysteamine SAM exhibited two strong components for the N (1s) peak at 399.5 and 401 eV, which is in agreement with literature for cysteamine SAMs [56] .
The N (1s) peak for the phthalocyanine is known to occur at either 398 or 400 eV [59] , thus the appearance of the N (1s) peak for the CoTAPc at 399.5 eV confirms the attachment of the CoTAPc on the SWCNT. The sharpness and high intensity of this peak openUP possibly indicates the presence of free or unbound amino groups of the CoTAPc. It is well known [16] that oxygen and carbon are almost always found on putatively bare surfaces due to contaminants (e.g., "adventitious carbon"). Despite this disadvantage, however, the C (1s) and O (1s) peaks observed in the SAMs studied in this work provide some useful information on the carbon and oxygen moieties. As expected, in terms of peak intensity and BE width, SWCNT exhibits high concentrations of carbon and oxygen in the Fig. 1C (iii) and D (iii), respectively. Unlike the cysteamine SAM (Fig. 1C (ii) ), the SWCNT ( Fig. 1C (iii) ) and CoTAPc ( 
Electrochemical properties of the self-assembled films
We began our electrochemical investigations with repetitive scanning of each of the modified gold electrodes in pH 4.4 phosphate buffer solution until a reproducible scan was obtained. This electrochemical pre-treatment serves to further remove any physically adsorbed species on the surface of the modified electrodes not removed by the rinsing process described in the experimental and, most importantly, to give an insight into the electrochemical stability of these electrodes which is crucial to their studies and application in aqueous solutions. , [22] , [23] , [24] , [25] and [26] . The modification of the Au with any of the species resulted in increased capacitive charging current of the bare gold electrode. Such behaviour is characteristic of SAMs with hydrophilic end groups [25] , [26] and [53] . Hydrophilic SAMs, unlike hydrophobic (such as the alkanethiols) are known to increase the capacitive currents. General observation in most carbon nanotube-based electrodes is the high capacitive current, thus the lower capacitive current of the Au-AET-SWCNT compared to the Au-AET may be attributed to the higher hydrophilicity of the latter compared to the former, and/or the enhanced suppression of the electrolyte ions from penetration into the compact film following the introduction of the SWCNT onto the AET surface. moieties (e.g., carboxyl, hydroxyl, and quinone-like groups) on the defects and opened caps of the SWCNT [62] and [63] . It is important to note that our present results, as well as those of other works for SWCNT immobilised onto GCE [59] and MWCNT SAMs [13] , contradict the notion that CNTs do not display reversible electrochemistry [11] . As proposed by Luo et al. [61] , SWCNT-modified GCE displays four-electron transfer reversible redox processes. These four-electron redox processes may explain the appearance of the redox peaks (I) and (II) ( (Figs. 4A and B) . From the well-known electrochemical properties of cobalt (II) phthalocyanine complexes [64] , [65] , [66] and [67] including our previous works [38] , [39] and [40] , we can easily assign the redox processes II and IV of the SWCNT-CoTAPc to the ring processes Pc CoTAPc has been reported to form SAM on gold electrode (Au-CoTAPc) [68] and [69] , hence we carried out CV experiments with Au-CoTAPc (Fig. 4B ) with a view to investigating the possible influence of the SWCNT on the electrochemistry of Au-AET-SWCNT-CoTAPc SAM. As observed before [67] and clearly corroborated in Fig. 4B (curve c), CoTAPc without SWCNT showed ill-defined CV without any well resolved redox couple, indicative of poor electron-transfer reaction. It is reasonable to conclude from our work that SWCNT markedly improves the electronic communication between
CoTAPc and the gold electrode.
The effect of changing scan rates on the CVs of the AET-SWCNT (Fig. 5A ) and AET-SWCNT-CoTAPc (Fig. 5B ) films gave linear relationships between peak currents versus scan rates, a clear indication of electrochemically stable surface-confined redox-active species. Also, the redox waves shifted to more positive potentials (for anodic) and more negative potentials (for the cathodic); the cathodic wave of the AET-SWCNT-CoTAPc in particular became severely distorted. At the experimental conditions employed in this study, the intrinsic redox couples of the SWCNT were observed at all the investigated scan rates, which also confirms the electrochemical stability of these couples. In general, 
Assuming n ≈ 4 for SWCNT redox wave [59] and n = 1 for the CoTAPc, the surface coverages were estimated as 1.1 × 10 −10 mol cm −2 ( 6.6 × 10 13 particles cm −2 ≈ 150 Å perpendicularly oriented SAMs of Au-AET-SWCNT [10] and CoTAPc [68] and [69] obtained at long deposition times ≥12 h as carried out in this work. If each CoTAPc molecule assumes flat orientation on the SWCNT surface yielding an area close to 200 Å 2 [67] , [68] , [69] and [70] , the coverage should work out to be approximately 1.0 × 10 −10 mol cm −2 . Thus, the high surface coverage for the CoTAPc is a clear indication of a perpendicular orientation for the CoTAPc. Interestingly, CoTAPc is also known to prefer perpendicular orientation when adsorbed on a gold surface as a SAM [68] and [69] . Also, the cross sectional area for a single SWCNT of diameter of 1.3 nm Fig. 4 ) and in this redox probe (Fig. 6 ) is certainly the consequence of presence of redox-active species in different electrolyte conditions.
Electrochemical impedance spectroscopic investigations
Electrochemical impedance spectroscopy measurements were used to further interrogate the electrochemical kinetics at Au|SAM interfaces and to distinguish between the various mechanisms that govern charge transfer [72] and [73] . At the E 1/2 ( 0.13 versus Ag|AgCl) of the [Fe(CN) 6 ] 3−/4− redox system, the Nyquist plots (Z imaginary versus Z real ) ( Fig. 7A (a-e) ) exhibited the characteristic semicircles at high frequencies and a straight line at low frequencies, corresponding to kinetic and diffusion processes, respectively. To fit the EIS data at this potential, the spectra were modeled using the Randles' equivalent circuit of mixed kinetic and diffusion control shown in Fig. 7B , where R s is the resistance of the electrolyte, Q is the membrane capacitance, R et is the electrontransfer resistance (domain of kinetic control) and Z w is the Warburg impedance (domain of mass transport control) resulting from the diffusion of ions to the electrode interface from the bulk of the electrolyte. As evident in the Nyquist plots, the simulated plots based on the model agree well with the experimental results. Table 1 all the electrodes. Ideally, R s and Z w should not be affected by modification of the electrode surface [74] . electrodes investigated in this work. The data corroborate the CV results shown in Fig. 6 and our explanation thereof. The Bode plots of phase angle versus log f (Fig. 8) showed well-defined symmetrical peaks at different maxima. 
Proposed electron-transfer mechanism
As clearly evident from this report (notably the R et values in Table 1 , and comparative reponses of the CoTAPc and SWCNT-CoTAPc towards the detection of dopamine in As previously proposed for aminothiol SAMs (Au-aminoundecanethiol) [12] , throughspace tunneling is most likely the possible electron-transfer mechanism for Au-AET. The 'cutting' process of harsh acid-treatment adopted for SWCNT may generate local traps for charge transport, however, it is well documented that the high conductivity of the openUP (July 2007) immobilized SWCNTs is sufficient enough to make SWCNTs act as efficient conductive nanowires rather than charge traps [11] and [12] . Through-bond tunneling is the electrontransfer mechanism that operates for Au-SAM-redox centers [25] , [26] and [76] . Such through-bond process is easily established by reversible cyclic voltammetric plots, indicating that such redox centers can easily exchange electron with the underlying electrode surface vial tunneling [25] , [26] , [76] , [77] and [78] . Thus, we can reasonably assume that efficient through-bond tunneling takes place between redox-active CoTAPc and gold at the Au-AET-SWCNT-CoTAPc electrode. Facile heterogeneous electron transfer has been known to occur between immobilized carbon nanotubes as well as transition metallophthalocyanine complexes. Thus, steps 1-4 can be well understood.
Conclusion
We have shown in this work the electrochemical properties of redox-active self- This proposed electrode fabrication technique is unique; it can be used for fundamental studies of the electron-transfer processes of surface-confined metalloporphyrin and metallophthalocyanine complexes and, importantly, it promises to provide an opportunity for controlled fabrication of stable organometallic sensing platforms. For example, further studies to explore other electrocatalytic properties (e.g., influence of surface charges to electron transfer) and sensing capabilities of this type of MPc-SAM to organic analytes will constitute some of the subjects of our future investigations.
